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TITLE OF THE IN.VENT'ION 

NUMERICALLY CONTROLLED METHOD 

BACKGROUND OF THE INVENTION 

This invention relates to a numerically 
controlled method capable of machining on curved 
face and the like at high accuracy. 

Fig. 7 is a typical view for showing a conventional 
servo control. When servo control of each axis is 
performed using three dimensional spatial position 
command, a conventional servo control 60 to be used 
for a laser beam machine and a machining center makes 
an axis command producing portion 50 to produce the 
moving command concerning each control axis 
necessary for realizing spatial position command 
and velocity command instructed by a machining 
program on the basis of the spatial position command 
and the velocity command. 

The moving command concerning each axis produced 
in this way is output to corresponding axis control 
portion, and the axis control portion drives a motor 
on the basis of the moving command. At this time, 
feedback is executed on a position, velocity and 
acceleration of the motor every sampling time so as 
to compute proper velocity and proper acceleration 
o f the motor . 

In such a method of determining control parameter. 



suoh as velocity and' a c c e 1 e r a t i o n , by feedback, but. 
the control parameter is computed on the basis of 
such a state that an axis is already out of a target 
in a sampling time. Therefore, the control axis to 
be controlled by the control parameter is not 
controlled on the basis of the state of the control 
axis in a present time, but on the basis of the state 
of the control axis before a predetermined sampling 
time, then, delay generates concerning the control. 
When machining is executed at high feeding speed or 
tool locus suddenly curved is programmed, errors 
accumulates owing to control delay. Then, it is 
difficult to properly control. 

In the servo control 60 as shown in Fig. 7, for 
instance, the spatial position command PC which is 
a track in a working space wherein a tool moves 
(three dimensional space) , and the velocity command 
are given to the individual axis command producing 
portion 50 (in this case, velocity override command 
OC may be given to the individual axis command 
producing portion 50) . Receiving these command s P C , 
VC , the individual axis command producing portion 
50 produces the position command Dn every sampling 
time s determined including acceleration and 
deceleration concerning each axis Sn (n=l, 2, . . . , 
5) to be controlled. 

An axis control portion 51 of each axis Sn produces 



the velocity command and the acceleration command 
(or power command) necessary for servo control from 
the position command Dn of the axis Sn , and executes 
axis servo control through a power control portion 
56 for controlling electric power of a motor M 
concerning the axis Sn in such a manner that position 
control on the basis of the position command Dn is 
perfo"rmed by a position loop 52, velocity control 
on the basis of the velocity command is performed 
by a velocity loop 53, acceleration control on the 
basis of the acceleration command is performed by 
an acceleration loop 55, 

But, the control of velocity and acceleration has 
delay element in this conventional servo control 60 
since the velocity command and the acceleration 
command are produced on the basis of the state of 
the control axis at this time in axis control portion 
51 of each axis Sn. In particular, an influence of 
delay element is bigger in spline interpolation to 
be executed as micro division for straight line 
interpolation (or circular arc interpolation) . 
Therefore, the movement of the working point which 
is the composite movement of each axis is not smooth 
and includes irregularity. The control becomes to 
be one including track error between the commanded 
track and the track of the working point. 

Besides, when ideal control object wherein 



' no n- linear element which the machine of control 
object has is not considered, is controlled in this 
control system, it is necessary to control 
concerning sudden change of velocity and 
acceleration, if spatial position command is along 
the track having bigger curvature, as already 
mentioned concerning spline interpolation or the 
like. In a conventional way, the velocity command 
and the acceleration command in this control are 
C3 produced from the position command of present 

sampling time in the axis control portion 51, then 
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ifi sufficient control is impossible. Then, the error 

p between the actual position and the command is made 

1^ bigger. In the result, feeding irregularity which 

is integration of the acceleration and position 
shift which is the integration of the feeding 
irregularity generate. 

The object of the present invention is to provide 
a numerically controlled method capable of reducing 
feeding irregularity or position shift and 
executing curved face machining at high accuracy, 
taking the above-mentioned circumstances into 
consideration . 



SUMMARY OF THE INVENTION 

The invention of claim 1 is numerically controlled 
method of moving an object to be controlled along 
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a predetermined. 1 o cu s ^ controlling control axes, 
said method comprising: 

making said locus approximate to a spatial 
polynomial ; 

converting said polynomial into a polynomial 
as time function; 

distributing said polynomial converted as time 
function to said each control axis; 

producing control command in said each control 
axis on the basis of said polynomial distributed to 
said each axis as time function; and 

moving said object to be controlled along said 
locus, controlling each control axis on the basis 
of said control command. 

According to claim 1, the velocity, the 
acceleration, the jerk of a top end of a torch (or 
a top end of a tool) can be easily obtained 
concerning each control axis without time delay by 
deriving the polynomial converted into time 
function. Each control axis is driven and 

controlled on the basis of the control parameter, 
such as the velocity and the acceleration obtained 
in this way. Therefore, the preview control 
wherein future moving state of an object to be 
controlled is foresaw and control is executed so as 
to correspond with the foreseeing is possible. By 
doing so, it is possible to provide a numerically 



con.trolled method wherein the motion of the object 
to be controlled is correctly controlled along the 
locus expressed by the polynomial, feeding 
irregularity or position shift is reduced, and 
machining on curved face or the like can be executed 
at high accuracy. 

The invention, of claim 2 is the numerically 
controlled method wherein said control command is 
produced on the basis of a position command on the 
basis of said polynomial converted as time function, 
a velocity command obtained by first deriving said 
polynomial converted as time function, and an 
acceleration command obtained by second deriving 
said polynomial converted as time function. 

Furthermore, the control command can be obtained 
by using the polynomial having third or higher 
degree than third, such as the jerk command obtained 
by third deriving the converted polynomial as the 
time function. 

The invention of claim 3 is the numerically 
controlled method wherein said control command is 
executed by computing a position and velocity at the 
time in future when said object to be controlled has 
not yet moved on the basis of said polynomial as time 
function and commanding. 

According to claim 2 or claim 3, position command, 
velocity command and jerk command can be produced 



without time de»lay,' preview control is possible. 

Even in case where velocity vector or acceleration 

vector is suddenly changed concerning each control 

axis as suddenly curved line, it is easy to deal 
w i th . 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.l is a block diagram for showing a structure 
of control of a laser beam machine in the present 
embodiment ; 

Fig. 2 is a typical view for showing a serve 
control ; 

Fig. 3 is a view for showing an exterior of the laser 

beam machine in the present embodiments- 
Fig. 4 is a flowchart for showing an example of 

multiaxis control program (algorithm) ; 

Fig. 5 is a view for showing a process of producing 

command of each control axis concerning a curved 

line of two dimensional plane; 

Fig. 6 is a view for showing a process of producing 

command of each control axis concerning a curved 

line of two dimensional plane; and 

Fig. 7 is a typical view for showing a conventional 

servo control. 



DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Embodiments of the present invention will now be 



' explained herei-naf t'er , referring to drawings. 

Fig. 3 is a view for showing an exterior of a laser 
beam machine in the present embodiment. A laser 
beam machine 1 in the present embodiment has a base 
2, and a table 3 is provided on the base 2, being 
free to move and drive in a horizontal X axis 
direction, as shown in Fig. 3(a) . On the table 3, 
a workpiece W to be machined can be located. A 
%^ ^ column 5 is provided on the base 2, bridging over 
C3 the table 3, and the column 5 has a saddle 6, being 

ci 

free to move and drive in a horizontal Y axis 
direction (the direction orthogonal to the X axis 
7* direction). 

The saddle 6 has a head unit 7, which is free to 
move and drive in Z axis direction which is up and 
down direction. The head unit 7 is comprised of a 
first portion 7a on the saddle 6 side, a second 
portion 7b, being free to rotate and drive in A axis 
direction with respect to the first portion 7a with 
an axial center CTl of the first portion 7a parallel 
to the Z-axis as its center, a third portion 7c, 
being free to rotate and drive in B axis direction 
with respect to the second portion 7b with a 
horizontal axial center CT2 of the second portion 
7b as its center, and a torch 7d provided on the top 
end side of the third portion 7c, as shown in 
Fig. 3(b) . Besides, a laser beam generating means 
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• (no't shown) is provided being free to inject laser 
beam from the torch 7d. 

As mentioned before, the laser beam machine 1 
performs three dimensional machining on the 
workpiece W in such a manner that relative 
positional relation between the workpiece W located 
on the table 3 and the top end of the torch 7d is 
three-dimensionally changed, driving and 

positioning the table 3 in the X axis direction, the 

p saddle 6 in the Y axis direction, the head unit 7 
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in the Z axis direction and the torch 7d in the A 



fh axis direction and the B axis direction and laser 

S beam is injected from the torch 7d. 

Fig.l is a block diagram for showing a structure 
of control of the laser beam machine in the present 
embodiment. The laser beam machine 1 has a main 
control portion 20, as shown in Fig.l. The main 
control portion 20 has a machining program memory- 
portion 21, a polynomial generation computing 
portion 23, an individual axis command producing 
portion 26, an axis control portion 27, a power 
control portion 35 and the like. A servo control 
25 is comprised of the individual axis command 
producing portion 26 and the axis control portion 
27 . 

The laser beam machine 1 is comprised as mentioned 
before. Then, machining on the workpiece W with the 
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las'er beam mach-ine '1 is executed as follows. In 
advance, a worker composes machining program PR by 
teaching (in this case, this machining program PR 
may be composed with a CAD and a CAM) . The machining 
program PR composed is stored in the machining 
program memory portion 21 of the laser beam machine 
1, as shown in Fig.l. 

After a command of machining start is input by a 
worker, the main control portion 20 reads out the 
machining program PR stored in the machining program 
memory portion 21 on the basis of this command, and 
the polynomial generation computing portion 23 
produces a time parameter type polynomial P(t) on 
the basis of a spatial position command PC for 
commanding moving position of the torch with respect 
to the workpiece, and a velocity command VC which 
is the moving velocity at this time which are shown 
in the machining program PR, that is, on the basis 
of relative moving locus of a tool. Subsequently, 
the individual axis command producing portion 26 
produces commands, such as position command Dl, 
velocity command a s, acceleration command jS s and 
jerk command y s for relatively moving the torch 7d 
with respect to the workpiece on the table 3 on the 
basis of the time parameter type polynomial P(t) so 
as to output to the axis control portion 27 of each 
axis. 
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Fdg.2 is a typi^cal view for showing a servo control, 
and axes SI, S2, S3, S4, S5 respectively correspond 
to X axis, Y axis, Z axis, A axis and B axis. 

That is, from the spatial position command PC for 
commanding relative moving position of the torch 
with respect to the workpiece, and a velocity 
command VC which is the moving velocity at this time 
which are shown in the machining program PR, the 
polynomial generation computing portion 23 produces 
a spatial polynomial for approximately expressing 
the tool locus in a space produced by these commands, 
as shown in step SI of multiaxis control program MAC 
of Fig. 4. This makes use of such a known property 
that an optional curved line (including a straight 
line) in a space can be approximated by a polynomial, 
such as spline function or NURBS function after 
dividing into a plurality of line elements, as shown 
in Fig. 4. The following vector operation 

expression is obtained, for instance, as shown in 
expression (Al) of Fig. 4. That is, 

p ( X) = a^^ + b;l2 + ci+d (Al) 

By this polynomial, a straight line, an arc or the 

like can be correctly expressed in addition to a 

spline curved line.. If the axes to be controlled 

is three axes, that is, X, Y, and Z, for instance, 

the expression (Al) can be developed as shown in an 
expression (A2) . 

11 



T'hen, the mutiaxis ^control program MAC enters into 
step S2 , X of the spatial polynomial is expressed 
as function of time t as follows. 
X a (t) (a is function of t) 
t=moving d i s t a n c e / f e e d i ng velocity 
The spatial polynomial (Al) is converted into the 
following expression by substituting X=a (t) . 
P(a(t))=A (ct(t))^ + B (a(t))^ + C(a(t))+D (A3) 

Then, this is converted into time parameter type 
polynomial (A3) . 

Then, the tool locus instructed by the machining 
program PR is expressed by the time function which 
is the expression (A3) . Thereafter, an expression 
for representing a position can be obtained from the 
time parameter type polynomial (A3) , an expression 
for showing velocity is obtained by differentiating 
the polynomial (A3) , an expression for showing 
acceleration is obtained by differentiating the 
expression for showing the velocity, and 
furthermore, an expression for showing jerk is 
obtained by differentiating the expression for 
showing the acceleration in step S3 of the multiaxis 
control program MAC. These expressions are output 
to the individual axis command producing portion 26, 
and the individual axis command producing portion 
26 can immediately obtain the position, the velocity, 
the acceleration and the jerk in objective sampling 
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time without 'time delay by substituting a 
predetermined sampling time in the expression. 

That is, the velocity, the acceleration and the 
jerk of the top end of the torch at an optional time 
can be easily obtained without having delay element 
by differentiating the time parameter type 
polynomial expressed by the time function. After 
the tool locus, that is, the velocity command, the 
acceleration command and the jerk command of the top 
end of the torch are obtained in this way, the 
expressions for showing the position, the velocity, 
the acceleration and the jerk of the top end of the 
torch are distributed with respect to each control 
axis comprising joint space, using inverse 
kinematics and inverse Jacobian or the like at step 

54 of the multiaxis control program MAC so as to 
obtain the expressions showing the velocity, the 
acceleration and the jerk concerning each control 
axis. 

The individual axis command producing portion 26 
obtains the velocity, the acceleration and the jerk 
of each axis in an optional time from the obtained 
expressions showing the velocity, the acceleration 
and the jerk concerning each control axis at step 

55 of the multiaxis control program MAC so as to 
output to the axis control portion 27 as position 
command Dn, velocity command a s, acceleration 
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command /3 s (or 'poweir command) and jerk command y 
s. Since the velocity, the acceleration and the 
jerk at an optional time in future can be obtained 
in advance, it is sufficient for the axis control 
portion 27 of each axis to control each axis only 
so as to make the velocity, the acceleration and the 
jerk obtained in advance in each sampling time in 
future (preview control) . Then, correct control 
with no time delay is possible. Therefore, its 
transfer function G(S) unlimitedly approximates to 
1 as shown in step S6 and the expression (A4) , and 
then, correct machining without shape error is 
possible. It is also possible to give a velocity 
override command OC to the individual axis. command 
producing portion 26. 

The axis control portion 27 of each axis Sn 
executes axis servo control through the power 
control portion 35 for controlling electric power 
of a motor M concerning the axis Sn, using the 
received position command Dn, the velocity command 
a s, the acceleration command i3 s (or power command) 
and the jerk command y s in such a manner that 
position control on the basis of the position 
command Dn is performed by a position loop 30, 
velocity control on the basis of the velocity 
command a s is performed by a velocity loop 31, 
acceleration control on the basis of the 
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acc'elerat ion command jS s is performed by an 
acceleration loop 32, and jerk control on the basis 
of the jerk command y s is performed by a jerk loop 
33 . 

As mentioned before, the relative positional 
relation between the top end of the torch 7d of the 
laser beam machine 1 and the workpiece W is 
thr ee-dimens ionally changed by performing axis 
servo control in each axis Sn, moving the top end 
of the torch 7d in a space at a constant velocity, 
and the workpiece W is t h r e e- d ime n s i o n a 1 1 y machined 
as the above-mentioned machining program PR by 
injecting laser beam from the torch 7d. The 
polynomial which moving locus approximates is 
expressed by time axis function, and the position, 
the velocity, the acceleration and the jerk at the 
time in future in the process of moving the torch 
are computed in advance and are commanded. Then, 
the generation of machining irregularity owing to 
sudden change of moving velocity and/or moving 
direction can be saved, and accurate machining is 
possible by the torch to be controlled on the basis 
of the polynomial. 

Since a track is approximated by a polynomial on 
the basis of time axis function in the control system 
in the present embodiment, position shift does not 
happen owing to the control system, but only 
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pos'ition shift i-n approximation of spatial position 
command happens. When accuracy is obtained in this 
control system, it is sufficient to only take the 
error at the command stage into consideration. So, 
it is easy to control accuracy. 

An example wherein the present invention is 
applied to the control of tool locus (torch locus) 
on two dimensional plane is shown in Figs. 5 and 6. 
When a curved line LIN of X-Y plane is expressed as 
tool locus as shown in Fig. 5, the curved line LIN 
is divided into a plurality of line elements Li with 

points Pn-1, Pn, Pn+1 , the curved line 

(including straight line) connecting these points 

Pn-1, Pn, Pn + 1 with each other is defined by 

a spatial polynomial expression as shown in an 
expression (Bl) and an expression (B2) . 

If the whole length of this curved line defined 
is L, the whole length L is expressed by an 
expression (B3) , and the line element A Li 
comprising the curved line LIN can be defined by an 
expression (B4) . By giving velocity profile of 
velocity function F(t) expressed by an expression 
(B5) having time parameter t on this curved line LIN 
to this expression (B4) so as to make the expression 
(B4) and the expression (B5) equal to each other, 
an expression (B6) is obtained. Then, X and time 
t can be connected with each other. 
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This is substituted for the expressions (Bl) and 
(B2) as shown in Fig. 6. Then, time parameter type 
polynomial can be obtained. Thereafter, commands 
are distributed to each axis on the basis of steps 
S3 and S4 of the multiaxis control program MAC, and 
the control in joint space allotted to each control 
axis is executed as mentioned before. 

The before-mentioned embodiment refers to the 
case of controlling the laser beam machine by the 
numerically controlled machine according to the 
present invention. But, the present invention can 
be applied to all of control units for moving and 
controlling an object to be controlled with axis 
control in addition to the control of the laser beam 
machine. Furthermore, four control axes or less, 
and six control axes or more can be also controlled 
in addition to five axes control. 

The present invention is explained on the basis 
of the embodiment heretofore. The embodiments 
which are described in the present specification are 
illustrative and not limiting. The scope of the 
invention is designated by the accompanying claims 
and is not restricted by the descriptions of the 
specific embodiments. Accordingly, all the 

transformations and changes belonging to the claims 
are included in the scope of the present invention. 
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